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Abstract In this paper, a semi-active control method for seismically excited nonlinear benchmark
buildings equipped with controllable fluid viscous dampers is presented and evaluated. A Fuzzy Logic
Controller (FLC) is designed to alter the damping coefficient of controllable viscous dampers during an
earthquake. A Genetic Algorithm (GA) is employed to find optimum fuzzy controller rules, as well as
adjusting themembership functions to minimize the overall damage index. This combination of a Genetic
algorithm and a Fuzzy Logic Controller (GFLC) is also used to minimize the peak value of the top story
displacement response, in order to verify the effectiveness of minimizing displacement on the damage
index. The effectiveness of the FLC is verified and illustrated using the simulated response of 3-story
and 20-story full-scale nonlinear benchmark buildings excited by several historical earthquake records,
through a computer simulation on MATLAB. For comparison, a Linear Quadratic Gaussian (LQG) active
controller is designed to minimize the peak value of the top story displacement response. Moreover, the
results of a study that has used Self-Organizing Fuzzy Logic Controllers (SOFLC) with active actuators are
used. The results demonstrate that the GFLCs are quite effective in overall damage reduction for a wide
range of motions, compared with the SOFLC and LQG controllers.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
The control of structural vibrations produced by wind
or earthquake can be done by various control strategies,
such as active, passive, semi-active or hybrid. A variety of
passive, active, semi-active, and hybrid devices, for seismic
response reduction, has been proposed [1,2]. Since semi-active
control combines the reliability associated with passive control
and the adaptability associated with active control, it has
generated great interest among researchers in the field of the
control of structures [3–10]. Extensive studies have indicated
that appropriately implemented semi-active systems perform
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achieve themajority of the performance of fully active systems,
thus, allowing for the possibility of effective response reduction
under a wide array of dynamic loading conditions.
Although, in structural control, various damage indices have
been proposed to state damage values induced by large earth-
quakes, usually, controllers are designed to reduce displace-
ment or story drift as damage criteria. This is because modern
control theory,which is based on the state space system, such as
LQR, LQG, clipped control and sliding mode control, can incor-
porate only state variables into the performance index, whereas
a damage index can include other variables.
In recent years, there has been a growing trend towards
utilization of Fuzzy Logic Controllers (FLC) [11–17]. The main
advantages of the fuzzy controller are [14]:
(a) It is one of the few mathematical model free approaches to
system identification and control, which makes the system
easier to design than developing an accurate mathematical
model of the structural system needed for control system
design. This can be done by using human experience and
expertise to implement the fuzzy controller.
(b) It tolerates the uncertainties of the input data from
wind or earthquake excitations and structural vibration
sensors, consequently, resulting in a controller systemwith
sufficient inherent robustness.
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behavior of a structure caused by large displacements or
material non-linearity and damage.
(d) The fuzzy controller can be adaptive by modifying its
rules or membership functions and employing learning
techniques.
To design FLC, it is necessary to select acceptable fuzzy
membership functions and fuzzy rules. Usually, they are
generated by intuition and expert knowledge, which do not
essentially lead to an optimal controller. To overcome this
problem, Genetic Algorithms (GAs) can be used. GA’s are
effective search techniques in many fields of optimization
problem. In engineering control, GA’s have been used as a tool
to find the optimal parameters of FLC. Moreover, a Genetic
Fuzzy Logic Controller (GFLC) canminimize the fitness function,
including variables that are not essentially state space variables.
In structural control, this ability can be used to minimize the
desired damage index.
In this paper, a combined application of genetic algorithms
and a fuzzy logic controller has been presented to minimize the
overallmodified version of the Park andAng damage index [18].
In addition, the peak value of the top story displacement
response is also minimized to verify the effectiveness of
minimizing displacement on the damage index. Controllable
fluid viscous dampers are employed as semi-active devices
to provide control forces. The effectiveness of the GFLC is
verified and illustrated using the simulated response of 3-story
and 20-story full-scale nonlinear benchmark buildings excited
by several historical earthquake records. A Linear Quadratic
Gaussian (LQG) controller is designed as the comparative active
controller, based on a reduced-order model, to minimize the
peak values of the top story displacement response. The results
of a Self-Organizing Fuzzy Logic Controller (SOFLC) designed
by Al-Dawod et al. [17] as an active system are also used for
comparison.
2. Structural model
The 3-story and 20-story benchmark buildings used for this
study are defined by Ohtori et al. [19].
The 3-story benchmark structure is 36.58 m by 54.87 m in
plan, and 11.89 m in elevation. The bays are 9.15 m at the
center, in both directions, with four bays in the north–south
(N–S) direction and six bays in the east–west (E–W) direction.
The building’s lateral load-resisting system is comprised of
steel perimeter Moment-Resisting Frames (MRFs), with simple
framing between the two furthest south, E–W frames. The
interior bays of the structure contain simple framing with
composite floors. The floor system is assumed to be rigid in the
horizontal plane.
The 20-story benchmark structure is 30.48 m by 36.58 m
in plan, and 80.77 m in elevation. The bays are 6.10 m at the
center in both directions with five bays in the north–south
(N–S) direction and six bays in the east–west (E–W) direction.
The building’s lateral load-resisting system is comprised of steel
perimeter Moment-Resisting Frames (MRFs). The interior bays
of the structure contain simple framing with composite floors.
The floor system is assumed to be rigid in the horizontal plane.
During large seismic events, structural members can yield
resulting in a nonlinear response; behavior that may be sig-
nificantly different from a linear approximation. To represent
the nonlinear behavior, a bilinear hysteresis model is used
to model the plastic hinges. These plastic hinges, which are
assumed to occur at the moment resisting column–beam and
column–column connections, introduce the material nonlinear
behavior of these structures.To evaluate the performance of controllers, 10 evaluation
criteria are selected. These criteria can be divided into two
categories: building response and building damage, which are
introduced by Ohtori et al. [19]. Moreover, in this study, the
ratio of the overallmodified version of the Park andAng damage
index of a controlled to an uncontrolled building is selected to
evaluate the damage value directly.
3. Controllable fluid viscous dampers
Different types of semi-active device have been developed
recently. One type is the controllable fluid viscous damper
which uses an electromechanical variable orifice to alter the
resistance to flow in conventional hydraulic fluid viscous
dampers. Therefore, the damper is capable of providing a range
of damping coefficients between a maximum value, when the
valve is closed, and a minimum value, when the valve is fully
open.
Neglecting the dynamics of the control devices, the force Fd
generated by the semi-active fluid viscous damper is assumed
to be of the following form [20]:
Fd = cd |u˙b|n sgn(u˙b), (1)
where the damping coefficient, Cd, is time-dependent and can
be varied in real time from a minimum value, Cd,min, to a
maximum value, Cd,max. In Eq. (1), u˙b is the relative velocity of
the damper and n is a coefficient that has a range of about 0.2–2.
In this study, the variable viscous damper is assumed to
have a maximum viscous coefficient of 20.0 MN/m/s and a
minimum viscous coefficient of 1.0 MN/m/s, and also n = 1.
The force capacity at each control device location was set equal
to 1000 kN, a value that was regarded as reasonable in light
of recent experimental work by other researchers who have
designed and constructed a full-scale semi-active hydraulic
damper and demonstrated the ability to generate 2000 kN of
damping force [20].
4. Damage index (overall modified version of Park and Ang
index)
Park and Ang introduced their index in 1985 for the first
time [21]. Their index is a linear combination of the damage
caused by excessive deformation and that contributed by
repeated cyclic loading effects as follows:
D = δM
δu
+ β
Qyδu

dE, (2)
where D is the damage index, δM is the maximum deformation
under earthquake, δu is the ultimate deformation capacity
under static loading, Qy is the yield strength,

dE is the
incremental absorbed hysteretic energy and β is the non-
negative parameter, which represents the effect of cyclic
loading on structural damage.
Kunnath et al. in 1992 used a slightly modified version of
the Park and Ang index in which the recoverable deformation is
removed from the first term to get zero in the elastic range [18].
They also employedmoment and curvature instead of force and
displacement as follows:
D = ϕM − ϕy
ϕu − ϕy +
β
Myϕu

dE. (3)
This index was applied by Stone and Taylor to 82 tests on
Caltrans circular bridge columns. Their classification of the
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Figure 1: GA operations.Table 1: Stone and Taylor classification ofmodified version of Park and Ang
Index.
D ≤ 0.11 0.11 ≤ D < 0.4 0.4 ≤ D < 0.7 D ≥ 0.7
No damage Repairable Irreparable Collapsed
modified version of the Park and Ang Index is shown in
Table 1 [22].
Because Eqs. (2) and (3) describe damage in a member or at
a joint, they are called local damage indices.
The damage of a building is obviously a function of the
damage of its constituent components. It is well-known that
damage distribution is closely correlated with distribution of
absorbed energy. Therefore, the overall damage index of a
building, DT , may be expressed as the sum of the local damage
index,Di, weighted by the energy absorbing contribution factor,
λi, as follows [21]:
DT =

i
λiDi, (4)
in which λi = Ei/ Ei, and Ei is the energy absorbed at
location i.
5. Genetic algorithms
Genetic algorithms were envisaged by Holland [23] in
the 1970s as an algorithmic concept based on a Darwinian-
type, survival-of-the-fittest strategy, with sexual reproduction,
where stronger individuals in the population have a higher
chance of being parents and creating offspring. A genetic
algorithm is implemented as a computerized search and
optimization procedure that uses principles of natural genetics.
It presumes that the potential solution of a problem is an
individual, and can be represented by a set of parameters.
These parameters are regarded as the genes of a chromosome,
and can be structured by a string of values in binary form. A
positive value generally known as fitness value is used to reflect
the degree of ‘‘goodness’’ of the chromosome for solving the
problem, and this value is closely related to its objective value.
A GA generally includes the three fundamental genetic op-
erations of selection, crossover and mutation. These operations
are used to modify the chosen solutions and select the most
appropriate offspring to pass on to succeeding generations.
The selection function chooses parents for the next genera-
tion, based on their scaled values, from the fitness scaling func-
tion. Crossover is performed between two selected individuals
by exchanging parts of their genome to form new individuals
(Figure 1a). The mutation functions make small randomFigure 2: Flowchart of genetic algorithms.
changes to individuals in the population (Figure 1b), which pro-
vides genetic diversity and enables the GA to search a broader
space and prevent premature convergence. Figure 2 shows a
flowchart of genetic algorithms.
There are several strategies that can be used by GAs for
constrained optimization problems, which can roughly be
classified into the following [24].
• Rejecting strategy: All infeasible (or undesirable) solutions
are discarded during the evolution process.
• Repairing strategy: Infeasible solutions are converted to
feasible ones.
• Modified genetic operators strategy: The feasibility of chro-
mosomes is maintained by specialized problem-specific ge-
netic operators. The advantage of this strategy is that it never
generates infeasible solutions; however, it does not consider
points outside the feasible region, and movement through
infeasible regions of the search space might lead to faster
optimization and better solutions than limiting search tra-
jectories only to feasible regions.
• Penalty strategy: This strategy essentially converts the
constrained optimization problem into an unconstrained
problem by penalizing infeasible solutions. The main issue
with this strategy is the formulation of the penalty function
for effective search of the optimum solution. Several
techniques have been proposed, but there are no general
guidelines for its formulation, as it is often problem-
dependent.
6. Fuzzy logic controller (FLC)
Zadeh [25] first proposed Fuzzy Logic as a tool with which to
describe uncertainty and imprecision. A goal of this approach
is to mimic the aspect of human cognition that can be
called approximate reasoning. Inmany control applications, the
model of the system is unknown or the input parameters are
highly variable and unstable. In such cases, fuzzy controllers can
be applied because of their ability to determine outputs for a
given set of inputs without using a conventional, mathematical
model. These are more robust and cheaper than conventional
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PID controllers. It is also easier to understand and modify fuzzy
controller rules, which, not only use human operator strategies,
but are expressed in natural linguistic terms.
Figure 3 shows themain components of a fuzzy logic control
system:
1. Rule Base (RB): The RB is composed of a set of if–then rules,
from which an inference mechanism is formed. A standard
form of RB can be written, as follows, when two input data
are used in their antecedent parts:
Ri : if x1 = Ai, and x2 = Bi then y = Ci.
2. Fuzzification: This unit maps the measured inputs, which
may be in the form of crisp values, into fuzzy linguistic
values, using a fuzzy reasoning mechanism.
3. Inferencing mechanism: This unit is the fuzzy reasoning
mechanism, which performs various fuzzy logic operations
to infer the control action for a given fuzzy input.
4. Defuzzification: Defuzzification is the synthesis of the
inference results of all activated logic rules into crisp
outputs.
For designing an FLC, two main parts must be determined:
structure (input and output variables, the number and type of
Membership Functions (MFs), the type of inferencemechanism,
operators, and defuzzification method) and parameters (pa-
rameters relating to MFs and fuzzy rules). In most cases, struc-
ture andparameters are determinedby expertswith knowledge
of the system being analyzed. However, human experts cannot
be expected to provide an optimal system. Often, a system is
modified iteratively, while trying to obtain optimality.
In this study, the controller is designed using two input
variables (velocity and acceleration of each story of a building),
each one having five membership functions and one output
variable (damping coefficient of each controllable viscous
damper) with four membership functions. The fuzzy variables
used to define the fuzzy space are described in Table 2.
The membership functions chosen for the input and output
variables are triangular shaped, for simplicity, and which
relieve the computational burden as illustrated in Figures 4
and 5, respectively. Inputs are normalized from −1 to 1
for fuzzification. The point-valued MAX–MIN fuzzy inference
method is chosen to combine the fuzzy IF–THEN rules in the
fuzzy rule base into amapping form; a fuzzy input set to a fuzzy
output set. The fuzzy linguistic output inferred by fuzzy rules is
converted to its corresponding crisp value in the range [0, 1] by
the Mean Of Maximum (MOM) method.
7. Optimization of FLC using GA
In fuzzy systemdesign, GA’s canbeused to tunemembership
values, prune membership functions and derive fuzzy rules.
Figure 6 shows the process of using a GA to improve the
performance of a fuzzy system [26].
In this paper, a GA is employed to find optimum fuzzy
control rules, as well as to adjust the membership functions, toFigure 4: Inputs membership functions.
Figure 5: Output membership functions.
Table 2: Fuzzy variables.
Variable Definition
PL Positive and large
PM Positive and medium
PS Positive and small
ZO Zero
NS Negative and small
NL Negative and large
minimize the overall damage index and the peak value of the
top story displacement response.
Real values are chosen for codingmembership functions and
integers for coding the rule base instead of the classical concate-
nated binary mapping to code the chromosomes, because they
are conceptually closer to the problem space than the binary
representation and, furthermore, allow easy and efficient im-
plementation of genetic operators.
Figures 4 and 5 show that six parameters are required to
code the membership functions of inputs and the output when
the inputs are symmetrical. The left and right corners of the
membership functions are fixed at points described by the
apices of other triangles or at−1, 0 and 1. Using this method to
describe themembership function keeps sets frombeingmessy.
To code the rule base, a matrix of integers of size 5× 5 is used.
To initialize the parameters of the membership functions,
the authors’ knowledge and random values are used, so that
they were constrained by Eqs. (5) and (6). A Modified Genetic
Operators Strategy is selected for constrained optimization.
Concerning initialization of the rule base, random values 0–4
are selected. 1–4 are codes assigned to the linguistic labels of
the output, and 0 is the code to omit that rule.
0 ≤ x1 ≤ x2 ≤ 1, (5)
0 ≤ x3 ≤ x4 ≤ x5 ≤ x6 ≤ 1, (6)
Selected parameters of GA are given in Table 3:
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1 Type of GA Real valued
2 Mutation rate Fixed 0.01
3 Crossover Two point
4 Population size 60
5 Selection Roulette
6 Elitism 2 elite
7 Initial population Authors’ knowledge and random values, constrainedFigure 6: Use of a genetic algorithm to improve the performance of a fuzzy
system [26].
8. Numerical studies
In order to evaluate the performance of the proposed control
strategy, benchmark buildings of 3- and 20-storys are used.
The FLCs are designed by the GA, as explained later, under
the 1.5 and 2.5 times magnitude of the El Centro earthquake
for 3- and 20-story buildings, respectively. The magnitude of
the El Centro earthquake for optimization is increased, because
an FLC that is not optimal can usually control the damage
of 3- and 20-story benchmark buildings under the El Centro
earthquake, completely. Since the relation between the input
(velocity and acceleration) and output (damping coefficient of
each controllable viscous damper) might be different in the
lower stories from the higher, for the 20-story benchmark
building, two FLCs for the lower seven stories and the higher
thirteen are designed.
To investigate the effectiveness of the control system, two
far-field and two near-field historical ground motion records
are selected:
(1) El Centro: The N–S component recorded at the Imperial
Valley Irrigation District substation in El Centro, California,
during the Imperial Valley, California, earthquake of May
18, 1940.
(2) Hachinohe: TheN–S component recorded atHachinoheCity
during the Tokachi-oki earthquake of May 16, 1968.
(3) Northridge: TheN–S component recorded at Sylmar County
Hospital parking lot in Sylmar, California, during the
Northridge, California earthquake of January 17, 1994.
(4) Kobe: The N–S component recorded at the Kobe Japanese
Meteorological Agency station during the Hyogo-ken
Nanbu earthquake of January 17, 1995. The absolute peak
acceleration of the earthquake records are 3.417, 2.250,
8.2676, and 8.1782 m/s2, respectively. Here, various levels
of each earthquake records including: 0.5, 1.0 and 1.5 times
the magnitude of El Centro and Hachinohe, and 0.5 and 1.0
times the magnitude of Northridge and Kobe are used. This
is a total of 10 earthquake records to be considered in eval-
uation of the control strategy.The performance of the controller is investigated based on
the evaluation criteria (J1 − J10) specified for the nonlinear
benchmark buildings [19], which are briefly presented in
Table 4. Moreover, here, J11 is added to evaluate the damage
index of structures under 10 earthquake records, introduced
later. These criteria are calculated as a ratio of the controlled
and uncontrolled responses. The first three criteria are based
on peak interstory drift ratio (J1), level acceleration (J2) and base
shear (J3), over the range i = [1, 3]where di(t) is the interstory
drift of the above ground level over the time history of each
earthquake, hi is the height of each of the associated stories,
δmax is the maximum interstory drift ratio of the uncontrolled
structure calculated by equation: maxt,i |di(t)/hi|, x¨ai(t), and x¨maxa
are absolute acceleration of the ith level with and without
control devices, respectively, mi is the seismic mass of the ith
above ground level and Fmaxb is the maximum base shear of the
uncontrolled structure for each respective earthquake.
The next three criteria are based on normed building
responses. The interstory drift (J4), level acceleration (J5), and
base shear (J6) are defined in their norm based forms, where
norm, ∥·∥, is computed using the following equation:
∥·∥ =

1
tf
 tf
0
[·]2 dt, (7)
and tf is a sufficiently large time to allow the response of the
structure to attenuate.
J7 and J8 are related to the ductility factor and dissipated
energy of the curvatures at the end of members, respectively.
In these equations, ϕj is the curvature at the ends of the jth
element (member),

dEj is the dissipated energy at the ends
of the member during the respective earthquake, ϕyj and Fyj
are the yield curvature and the yield moment at the end of the
jth member, respectively, and ϕmax and Emax are the maximum
curvatures and the maximum dissipated energy (maximum of
all element ends, and over time) of the uncontrolled structure.
The ninth evaluation criterion (J9) is the ratio of the plastic
connections sustained by the structure, while controlled and
uncontrolled. In this criterion, Nd is the number of damaged
connections (member ends) without control and Ncd are the
number of damaged connections with control.
The tenth evaluation criterion (J10) is the normed ductility
factor, and the eleventh evaluation criterion (J11) is to evaluate
the damage index of structures. Eq. (4) was used to calculate
the damage index, while Di was calculated by Eq. (3) and β was
selected as 0.1 and 0.3.
A LQG controller is designed as a comparative active
controller, based on a reduced-order model, to minimize the
peak values of the top story displacement response of two
benchmark structures. Three acceleration sensors on floors 1, 2
and 3 for the 3-story benchmark, and five acceleration sensors
on floors 4, 8, 12, 16 and 20 for the 20-story benchmark are used
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J1 = max El Centro
Hachinohe
Northridge
Kobe

maxt,i
|di(t)|
hi
δmax

J2 = max El Centro
Hachinohe
Northridge
Kobe

maxt,i |x¨ai(t)|
x¨maxa

J3 = max El Centro
Hachinohe
Northridge
Kobe

maxt |i mi x¨ai(t)|
Fmaxb

Interstory drift ratio Level acceleration Base shear
J4 = max El Centro
Hachinohe
Northridge
Kobe

maxi
∥di(t)∥
hi
∥δmax∥

J5 = max El Centro
Hachinohe
Northridge
Kobe

maxi∥x¨ai(t)∥∥x¨maxa ∥

J6 = max El Centro
Hachinohe
Northridge
Kobe
 ∥i mi x¨ai(t)∥∥Fmaxb ∥ 
Normed interstory drift ratio Normed level acceleration Normed base shear
J7 = max El Centro
Hachinohe
Northridge
Kobe
maxt,j
|φj(t)|
φyj
ϕmax
 J8 = max El Centro
Hachinohe
Northridge
Kobe

maxt,j

dEj
Fyjφyj
Emax

J9 = max El Centro
Hachinohe
Northridge
Kobe

NCd
Nd

Ductility Dissipated energy Plastic connections
J10 = max El Centro
Hachinohe
Northridge
Kobe
maxj
∥φj(t)∥
φyj
∥φmax∥
 J11 = max El Centro
Hachinohe
Northridge
Kobe

Overall Modified Version of Park Index (controlled)
Overall Modified Version of Park Index (uncontrolled)

Ductility Damage criteriain the simulation in this method. The weighting matrices, R and
Q , are assumed as follows:
R = r∗1 {1, 1, . . . , 1}nf ∗nf , (8)
Q = q∗1{1, 1, . . . , 1}nf ∗nf , (9)
where nf is 3 and 20 for 3- and 20-story benchmark buildings,
respectively. To design the LQG controller, r1 = 1/16 was se-
lected, then q1 is varied to find a q1 that gives the minimum
value of the top story peak displacement response, while the
actuators capacity was limited to a maximum force of 1000 kN;
q1 = 8e12 for 3-story and q1 = 8e13 for the 20-story bench-
mark buildings.
Controllable fluid viscous dampers and control actuators
are located on each floor of the 3- and 20-story benchmark
buildings for the FLC and LQG controller, respectively, to induce
forces to adjacent floors. They are implemented in the structure
using a chevron brace configuration in which the actuator is
horizontal and rigidly attached between two consecutive levels
of the building.
Because the controllable fluid viscous dampers and actuator
capacities are limited to a maximum force of 1000 kN, two
dampers or actuators are employed at each floor of the 3-story
building, and four dampers or actuators are employed on the
first floor, and two dampers or actuators at each of the second
and third floors, and one damper or actuator at other floors of
the 20-story building to provide the required forces.
The FLC and LQG controllers are implemented into the
SIMULINK program. For the 3-story building, an integration
time step of 0.005 s is used and the control signal is computed
every 0.005 s, while they are 0.01 s for the 20-story building.
The membership functions for the input (velocity and accel-
eration of each story of the building) and output (damping co-
efficient of each controllable viscous damper) variables, and the
Fuzzy Associative Memory (FAM) designed by GA for the opti-
mization damage index (β = 0.1) are illustrated in Figures 7–9
and Tables 5–7.Table 5: Fuzzy Associative Memory (FAM) for optimization damage index
(β = 0.1), 3-story building.
v a
NL NS ZO PS PL
NL PM PL PS ZO PL
NS PL PL PL PS PL
ZO NONE PL PM ZO PL
PS ZO PL PL PL PL
PL PL PL PL PS NONE
Table 6: Fuzzy Associative Memory (FAM) for optimization damage index
(lower seven stories, β = 0.1).
v a
NL NS ZO PS PL
NL NONE PM PL PM NONE
NS NONE PM PL PS PM
ZO ZO PM PL PM PM
PS PL PM PM PL PM
PL PM PM PL PM PM
Table 7: Fuzzy Associative Memory (FAM) for optimization damage index
(upper thirteen stories, β = 0.1).
v a
NL NS ZO PS PL
NL PL PM NONE PL PL
NS PL PL PS PL PL
ZO PL ZO PL PL PL
PS PL PL NONE PL PM
PL PL ZO PS PL ZO
9. Control performance
The evaluation criteria related to 3- and 20-story buildings
are presented in Tables 8 and 9, respectively. In these tables,
GFLC1, GFLC2 and GFLC3 present the results for the optimiza-
A. Karamodin et al. / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1–10 7Figure 7: Membership function for optimization damage index (β = 0.1), 3-story building.Figure 8: Membership function for optimization damage index (lower seven stories, β = 0.1).Figure 9: Membership function for optimization damage index (upper thirteen stories, β = 0.1).tion peak displacement of the top story damage index when
β = 0.1, and the damage index when β = 0.3, respectively.
SOFLC presents the results of the controller designed by Al-
Dawod et al. [17]. Note that the details of SOFLC are similar to
the details of the LQG controller, except it has three actuators
at the first story of the 3-story building and the LQG controller
has two. Moreover, it should be noted that Al-Dawod et al. have
not calculated the value of the damage index.
In most criteria, semi-active Genetic Fuzzy Logic Controllers
(GFLCs) showed a better performance than the active LQG
controller and the active SOFLC. Although the active LQG
controller was designed to minimize the peak displacement, in
most earthquakes it could not reduce J1 and J4, which are related
to displacement, as well as the semi-active GFLCs, which were
designed to minimize the damage index.
The effectiveness of GFLCs on damage reduction was
extraordinary in both buildings, but the LQG controller was
ordinary in the 3-story building and ineffective in the 20-
story building. The overall modified version of the Park and
Ang index depends on the ductility and absorbed hysteretic
energy. Although it is not a general rule, as it can be seen,
all damage index values are between J7 (ductility) and J8
(dissipated energy) and, especially, near J8. Due to the bad
effectiveness of SOFLC on J7 and J8 criteria, it is expected that
SOFLC will be unable to reduce, or may even increase, the
damage index value, as has happened for other criteria.
Even though theGFLCs reduced the damage index, interstory
drift ratio and normed interstory drift ratio significantly, theyincreased level acceleration and base shear particularly in the
20-story building.
The performance of a combination of genetic algorithms
and fuzzy logic controllers, based on the optimization damage
criteria or peak displacement, was very close in most criteria,
including the damage index. In other words, minimizing the
displacement gives results near to the minimizing damage
index.
10. Conclusion
In this study, Fuzzy Logic Control (FLC) is used to control
the damping coefficient of controllable viscous dampers, to
minimize the overall modified version of the Park and Ang
damage index. The peak value of the top story displacement re-
sponse is alsominimized to verify the effectiveness of minimiz-
ing the displacement on the damage index. Genetic Algorithms
(GA) are employed to find optimum fuzzy controller rules and
the membership function parameters. The effectiveness of the
FLC is illustrated and verified, using the simulated response
of 3-story and 20-story full-scale, nonlinear benchmark build-
ings, excited by several historical earthquake records. A Linear
Quadratic Gaussian (LQG) controller is designed as the compar-
ative active controller, based on a reduced-ordermodel, tomin-
imize the peak values of the top story displacement response.
Additionally, the results of the controller designed by Al-Dawod
et al. [17], which used the self-organizing FLC with active actu-
ators, are stated for comparison.
The results demonstrate that, in most criteria, the semi-
active Genetic Algorithm Fuzzy Logic Controllers (GFLCs)
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Controller El Centro El Centro El Centro Hachinohe Hachinohe Hachinohe Northridge Northridge Kobe Kobe Maximum
(intensity) (0.5) (1.0) (1.5) (0.5) (1.0) (1.5) (0.5) (1.0) (0.5) (1.0)
J1
GFLC1 0.194 0.379 0.682 0.226 0.323 0.396 0.424 0.721 0.765 0.502 0765
GFLC2 0.205 0.378 0.675 0.243 0.338 0.399 0.437 0.730 0.774 0.503 0.774
GFLC3 0.177 0.394 0.707 0.184 0.276 0.369 0.408 0.703 0.759 0.519 0.759
LQG 0.476 0.675 0.794 0.635 0.798 0.813 0.732 1.145 0.836 0.655 1.145
SOFLC 0.805 0.916 0.996 0.648 0.736 0.813 0.600 0.969 1.050 0.724 1.050
J2
GFLC1 0.588 0.748 1.178 0.444 0.463 0.694 0.828 1.083 1.080 0.757 1.178
GFLC2 0.573 0.740 1.164 0.561 0.476 0.710 0.828 1.077 1.094 0.765 1.164
GFLC3 0.465 0.764 1.193 0.274 0.384 0.723 0.835 1.067 1.067 0.739 1.193
LQG 0.644 0.864 1.015 0.696 0.875 0.938 1.074 1.197 0.932 0.976 1.197
SOFLC 1.096 1.020 1.033 0.841 0.868 1.115 0.938 1.029 0.924 0.825 1.115
J3
GFLC1 0.472 0.688 0.961 0.475 0.646 0.816 0.761 1.008 1.068 1.018 1.068
GFLC2 0.463 0.692 0.940 0.489 0.705 0.848 0.790 1.006 1.058 1.018 1.058
GFLC3 0.479 0.701 0.974 0.425 0.621 0.822 0.777 0.996 1.034 1.007 1.034
LQG 0.490 0.912 0.944 0.586 0.861 1.027 0.946 1.029 0.922 1.047 1.047
SOFLC 1.123 1.273 1.260 0.867 1.150 1.178 1.090 1.149 1.170 1.178 1.273
J4
GFLC1 0.274 0.335 0.397 0.182 0.220 0.261 0.111 1.258 0.954 0.373 1.258
GFLC2 0.301 0.347 0.402 0.199 0.234 0.272 0.115 1.292 0.954 0.385 1.292
GFLC3 0.249 0.319 0.389 0.167 0.198 0.239 0.108 1.180 0.900 0.295 1.180
LQG 0.485 0.477 0.433 0.342 0.392 0.979 0.286 0.530 0.602 0.244 0.979
SOFLC 1.167 0.979 0.702 0.728 0.755 0.758 0.300 1.145 0.892 0.613 1.167
J5
GFLC1 0.371 0.498 0.670 0.224 0.258 0.364 0.581 0.746 0.561 0.815 0.815
GFLC2 0.385 0.506 0.672 0.233 0.294 0.375 0.588 0.750 0.566 0.814 0.814
GFLC3 0.363 0.492 0.669 0.219 0.275 0.353 0.573 0.739 0.558 0.812 0.812
LQG 0.524 0.644 0.650 0.365 0.456 0.537 0.712 0.743 0.619 0.721 0.743
SOFLC 1.368 1.248 1.086 0.890 0.973 0.979 1.183 1.120 0.974 0.973 1.368
J6
GFLC1 0.541 0.674 0.793 0.321 0.403 0.500 0.821 0.932 0.682 0.981 0.981
GFLC2 0.547 0.678 0.791 0.326 0.409 0.508 0.823 0.933 0.685 0.980 0.980
GFLC3 0.546 0.683 0.804 0.321 0.401 0.496 0.820 0.928 0.688 0.984 0.984
LQG 0.489 0.606 0.608 0.351 0.439 0.522 0.671 0.668 0.560 0.675 0.675
SOFLC 1.630 1.460 1.242 1.049 1.112 1.108 1.504 1.204 1.187 1.234 1.630
J7
GFLC1 0.220 0.302 0.530 0.261 0.282 0.366 0.281 0.676 0.749 0.629 0.749
GFLC2 0.224 0.305 0.520 0.283 0.298 0.371 0.289 0.692 0.755 0.637 0.755
GFLC3 0.202 0.310 0.521 0.239 0.256 0.352 0.274 0.655 0.731 0.614 0.731
LQG 0.441 0.600 0.678 0.567 0.572 0.566 0.577 0.880 0.849 0.613 0.880
SOFLC 0.748 0.934 1.043 0.645 0.613 0.837 0.538 0.982 1.146 0.927 1.146
J8
GFLC1 0.000 0.000 0.024 – 0.000 0.000 0.000 0.477 0.132 0.510 0.510
GFLC2 0.000 0.000 0.021 – 0.000 0.000 0.000 0.482 0.135 0.523 0.523
GFLC3 0.000 0.000 0.023 – 0.000 0.000 0.000 0.458 0.124 0.521 0.521
LQG 0.000 0.032 0.307 – 0.000 0.077 0.396 0.627 0.545 0.772 0.772
SOFLC 0.009 1.132 0.886 – 0.009 0.242 0.266 0.799 1.416 1.361 1.416
J9
GFLC1 0.000 0.000 0.273 – 0.000 0.000 0.000 0.727 0.833 0.896 0.896
GFLC2 0.000 0.000 0.273 – 0.000 0.000 0.000 0.727 0.833 0.897 0.897
GFLC3 0.000 0.000 0.455 – 0.000 0.000 0.000 0.727 0.833 0.897 0.897
LQG 0.000 0.091 1.000 – 0.000 0.833 0.917 0.848 0.833 0.897 1.000
SOFLC 0.000 0.818 1.000 – 0.091 0.917 0.500 0.939 0.917 0.969 1.000
J10
GFLC1 0.234 0.171 0.265 0.151 0.149 0.161 0.045 0.971 0.929 0.402 0.971
GFLC2 0.251 0.178 0.253 0.161 0.158 0.168 0.046 1.015 0.930 0.385 1.015
GFLC3 0.221 0.164 0.246 0.143 0.141 0.152 0.044 0.918 0.850 0.299 0.918
LQG 0.474 0.324 0.588 0.340 0.329 1.124 0.394 0.926 0.847 0.319 1.124
SOFLC 1.157 0.685 0.746 0.751 0.663 0.659 0.327 1.415 1.201 0.710 1.415
J11
GFLC1

β = 0.1
β = 0.3
0.000 0.000 0.117 – 0.000 0.000 0.000 0.589 0.397 0.589 0.589
0.000 0.000 0.083 – 0.000 0.000 0.000 0.570 0.310 0.568 0.570
GFLC2 0.000 0.000 0.100 – 0.000 0.000 0.000 0.599 0.406 0.598 0.599
GFLC3 0.000 0.000 0.069 – 0.000 0.000 0.000 0.540 0.296 0.570 0.570
LQG

β = 0.1
β = 0.3
0.000 0.089 0.360 – 0.000 0.350 0.309 0.854 0.663 0.638 0.854
0.000 0.080 0.342 – 0.000 0.238 0.320 0.788 0.626 0.670 0.788
SOFLC – – – – – – – – – – –
GFLC1: optimization peak displacement of top story. GFLC2: optimization damage index when β = 0.1. GFLC3: optimization damage index when β = 0.3.
SOFLC: controller designed by Al-Dawod et al. [17].showed a better performance than the active LQG controller
and the active SOFLC. J11, which is related to the damage index,
became 0.59, 0.57, 0.60 and 0.57 using GFLC1 (β = 0.1), GFLC1
(β = 0.3), GFLC2 and GFLC3 controllers, respectively, for the
3-story building and became 0.43, 0.38, 0.41 and 0.37 for the20-story building. This shows that the GFLCs are quite effective
in overall damage reduction for a wide range of motion, from
moderate to severe seismic events, for both buildings. This
criterion became 0.85 and 0.79 using LQG (β = 0.1) and
LQG (β = 0.3) controllers for the 3-story building, and 1.00
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Controller El Centro El Centro El Centro Hachinohe Hachinohe Hachinohe Northridge Northridge Kobe Kobe Maximum
(intensity) (0.5) (1.0) (1.5) (0.5) (1.0) (1.5) (0.5) (1.0) (0.5) (1.0)
J1
GFLC1 0.534 0.539 0.540 0.696 0.687 0.707 0.583 0.742 0.360 0.577 0.742
GFLC2 0.529 0.527 0.542 0.708 0.669 0.698 0.578 0.755 0.332 0.585 0.755
GFLC3 0.528 0.526 0.537 0.714 0.676 0.698 0.577 0.756 0.332 0.584 0.756
LQG 0.800 0.789 0.786 0.929 0.883 0.910 0.843 1.082 0.777 0.765 1.082
SOFLC 0.957 0.959 0.942 0.951 0.969 0.988 1.023 1.060 1.014 0.858 1.060
J2
GFLC1 3.766 2.019 1.433 5.545 2.908 2.237 1.645 1.249 1.402 1.022 5.545
GFLC2 4.388 2.255 1.561 6.322 3.316 2.582 1.915 1.367 1.588 1.175 6.322
GFLC3 4.433 2.313 1.610 6.568 3.247 2.644 1.969 1.425 1.599 1.213 6.568
LQG 4.489 2.499 1.843 6.104 3.152 2.522 2.002 1.927 1.751 1.508 6.104
SOFLC 0.891 0.858 0.869 0.945 0.939 0.935 0.968 0.939 0.977 0.888 0.977
J3
GFLC1 1.307 0.924 0.937 1.898 1.291 1.141 0.957 1.116 0.713 1.260 1.898
GFLC2 1.557 0.992 0.982 1.919 1.232 1.144 0.945 1.114 0.718 1.245 1.919
GFLC3 1.552 0.995 0.991 1.928 1.306 1.145 0.949 1.116 0.733 1.234 1.928
LQG 2.044 1.454 1.451 2.378 1.706 1.510 1.319 1.331 1.383 1.493 2.378
SOFLC 0.993 0.995 1.059 0.981 0.991 1.001 0.994 0.968 0.940 0.931 1.059
J4
GFLC1 0.482 0.483 0.487 0.719 0.721 0.742 0.444 0.719 0.297 0.200 0.742
GFLC2 0.481 0.480 0.483 0.718 0.715 0.734 0.432 0.782 0.294 0.194 0.782
GFLC3 0.482 0.480 0.483 0.716 0.715 0.734 0.430 0.760 0.295 0.211 0.760
LQG 0.784 0.681 0.673 1.008 0.942 0.959 0.790 1.239 0.707 0.215 1.239
SOFLC 0.950 0.961 0.962 1.001 1.006 1.023 0.947 1.022 0.988 0.312 1.023
J5
GFLC1 14.714 7.122 4.728 20.582 9.955 6.593 6.967 5.386 7.460 5.585 20.582
GFLC2 18.556 9.171 6.210 26.173 12.934 8.687 8.909 6.967 9.456 7.074 26.173
GFLC3 18.096 8.919 6.080 25.554 12.558 8.474 8.657 6.794 9.202 6.899 25.554
LQG 12.828 6.437 4.450 18.048 9.054 6.236 6.234 4.950 6.568 4.998 18.048
SOFLC 0.948 0.954 0.951 1.013 1.011 1.027 0.981 0.910 0.956 0.925 1.027
J6
GFLC1 2.185 1.163 0.864 2.377 1.304 1.019 0.868 0.969 1.060 1.008 2.377
GFLC2 2.907 1.514 1.082 3.171 1.680 1.242 1.103 1.144 1.394 1.232 3.171
GFLC3 2.895 1.502 1.080 3.162 1.664 1.237 1.093 1.140 1.383 1.227 3.162
LQG 4.884 2.531 1.796 5.302 2.779 2.019 1.893 1.773 2.373 2.001 5.302
SOFLC 0.976 0.976 0.978 0.989 0.990 0.995 0.935 0.914 0.983 1.007 1.007
J7
GFLC1 0.572 0.578 0.534 0.816 0.817 0.736 0.532 0.752 0.305 0.544 0.817
GFLC2 0.583 0.567 0.519 0.817 0.796 0.725 0.532 0.754 0.289 0.543 0.817
GFLC3 0.590 0.566 0.523 0.827 0.803 0.725 0.533 0.753 0.293 0.548 0.827
LQG 0.885 0.848 0.787 1.060 1.016 0.966 0.830 1.120 0.714 0.786 1.120
SOFLC 1.020 1.026 1.054 0.990 0.995 0.985 1.049 1.062 0.891 0.814 1.062
J8
GFLC1 – – 0.000 – – 0.005 0.000 0.303 0.000 0.036 0.303
GFLC2 – – 0.000 – – 0.002 0.000 0.287 0.000 0.034 0.287
GFLC3 – – 0.000 – – 0.002 0.000 0.292 0.000 0.034 0.292
LQG – – 0.146 – – 0.721 0.264 0.680 0.336 0.333 0.721
SOFLC – – 1.014 – – 0.875 1.253 1.061 1.124 0.809 1.253
J9
GFLC1 – – 0.000 – – 0.116 0.000 0.719 0.000 0.441 0.719
GFLC2 – – 0.000 – – 0.023 0.000 0.719 0.000 0.429 0.719
GFLC3 – – 0.000 – – 0.023 0.000 0.740 0.000 0.429 0.740
LQG – – 0.744 – – 0.674 0.542 0.875 0.308 0.845 0.875
SOFLC – – 0.860 – – 1.000 0.958 1.031 1.077 0.988 1.077
J10
GFLC1 0.503 0.505 0.451 0.687 0.688 0.699 0.338 0.748 0.290 0.244 0.748
GFLC2 0.509 0.504 0.447 0.689 0.685 0.692 0.331 0.815 0.287 0.254 0.815
GFLC3 0.508 0.504 0.447 0.689 0.684 0.691 0.330 0.793 0.287 0.274 0.793
LQG 0.776 0.733 0.655 0.962 0.924 0.964 0.874 1.253 0.887 0.317 1.253
SOFLC 0.990 0.993 1.169 1.000 1.000 1.000 0.836 1.086 1.051 0.343 1.169
J11
GFLC1

β = 0.1
β = 0.3
– – 0.000 – – 0.018 0.000 0.426 0.000 0.102 0.426
– – 0.000 – – 0.010 0.000 0.385 0.000 0.077 0.385
GFLC2 – – 0.000 – – 0.003 0.000 0.410 0.000 0.095 0.410
GFLC3 – – 0.000 – – 0.002 0.000 0.367 0.000 0.071 0.367
LQG

β = 0.1
β = 0.3
– – 0.194 – – 1.000 0.438 0.829 0.391 0.367 1.000
– – 0.157 – – 0.964 0.386 0.801 0.380 0.342 0.964
SOFLC – – – – – – – – – – –
GFLC1: optimization peak displacement of top story. GFLC2: optimization damage index when β = 0.1. GFLC3: optimization damage index when β = 0.3.
SOFLC: controller designed by Al-Dawod et al. [17].and 0.96 for the 20-story building. They show that GFLCs are
more effective than LQG controllers, especially for the 20-story
building.
Even though theGFLCs reduced the damage index, interstory
drift ratio and normed interstory drift ratio significantly, theyincreased the level acceleration and base shear, particularly in
the 20-story building.
Because of the negative effect of SOFLC on J7 and J8 criteria,
15% and 42% growth for 3-story, and 6% and 25% growth for
20-story buildings, it is expected that SOFLC will be unable to
10 A. Karamodin et al. / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1–10reduce or may even increase the damage index value as has
happened for other criteria.
The performance of the GFLCs, based on the optimization
damage index, is very similar to the optimization peak
displacement.
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